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ABSTRACT
We describe a new approach to constrain the amplitude of matter perturbations in the Universe using galaxy
clusters. We combine the galaxy cluster X-ray luminosity function of the REFLEX survey with the mass–
luminosity relationship obtained via gravitational lensing from a sample of galaxy clusters identified in Sloan Dig-
ital Sky Survey commissioning data and confirmed through cross-correlation with the ROSAT all-sky survey. We
compare the resulting cluster mass function with the theoretical mass function of Jenkins et al. (2001) to determine
the matter power spectrum normalization σ8 as a function of the matter density Ω0. We find σ8 = 0.38Ω−0.48+0.27Ω00
as the best fitting formula between σ8 and Ω0, which is significantly different from most previous relations between
these two cosmological parameters derived from comparable calculations using the X-ray temperature function.
We discuss possible sources of systematic error that may cause such a discrepancy, and in the process uncover a
possible inconsistency between the REFLEX luminosity function and the relation between cluster X-ray luminos-
ity and mass obtained by Reiprich & Böhringer (2001).
Subject headings: cosmological parameters — galaxies: clusters — methods: analytical — surveys
1. INTRODUCTION
Using the present-day number density of galaxy clusters re-
mains one of the most powerful techniques for constraining the
amplitude of matter perturbations in the Universe. This is usu-
ally defined in terms of σ8, which is the dispersion of the mass
field smoothed on a scale of 8h−1 Mpc−1, where h is the present
value of the Hubble parameter in units of 100 kms−1 Mpc−1.
Most often the local X-ray cluster temperature function is used
for this purpose, given that the X-ray temperature has been the
best observable from which to estimate cluster mass. While
observation can readily give the X-ray temperature of clusters,
theory can only easily predict the cluster mass function. To
bridge the gap, theoretical modelling of clusters is used to pro-
vide a relation between mass and temperature, which in the
most sophisticated treatments is taken to depend on both red-
shift and the underlying cosmology.
However, a drawback in the use of the local X-ray cluster
temperature function has recently become clear. Given that
only a few tens of clusters have had their X-ray temperature es-
timated, authors using samples that only partially overlap have
obtained significantly different cluster temperature functions,
and thus estimates for σ8 (e.g. compare Eke, Cole & Frenk
1996; Henry 1997, 2000; Markevitch 1998; Blanchard et al.
2000; Pierpaoli et al. 2001). Statistically it would be more ro-
bust if the number density of local clusters could be estimated
from much larger samples.
In this paper we describe a new approach which avoids the
use of the X-ray temperature function. We will instead use the
luminosity function from the ROSAT-ESO Flux Limited X-Ray
(REFLEX) galaxy cluster survey (Böhringer et al. 2001a,b),
which contains 452 clusters, to estimate the local cluster num-
ber density. In order to relate X-ray luminosity to cluster mass,
we take advantage of a weak shear lensing analysis (Sheldon
et al. 2001) of a sample of 42 galaxy clusters identified in data
from the commissioning phase of the Sloan Digital Sky Sur-
vey (SDSS), and cross-checked via correlation with the ROSAT
All-Sky Survey (RASS) (Nichol et al. 2001). The relation be-
tween mass and X-ray luminosity will be used to compare the
REFLEX luminosity function with the cluster mass function ex-
pected as a function of σ8, thus leading to its estimation, with-
out any need to model the cluster mass–temperature relation (as
in e.g. Viana & Liddle 1996, 1999).
2. METHODOLOGY
We consider spatially-flat cosmological models, where part
of the energy density may be due to a cosmological constant,
containing a spectrum of primordial adiabatic density pertur-
bations. This family includes the current standard cosmologi-
cal model, with a present-day matter density Ω0 ' 0.3, which
provides the best fit to the full compilation of structure forma-
tion data (e.g. Durrer & Novosyadlyj 2001; Wang, Tegmark &
Zaldarriaga 2001). We take the present-day shape of the mat-
ter power spectrum to be well approximated by that of a cold
dark matter model with scale-invariant primordial density per-
turbations and shape parameter Γ in the range [0.08,0.28]; this
interval is the average of the best-fit values coming from the
preliminary analysis of the 2dF (Percival et al. 2001) and SDSS
(Dodelson et al. 2001; Szalay et al. 2001) data, taking into ac-
count both statistical and systematic uncertainties. We will as-
sume that Γ has an equal probability of taking any value within
the interval given. Note, however, that ultimately the local clus-
ter number density depends significantly only on σ8 and Ω0.
In order to estimate the expected halo mass function for mod-
els with different Ω0, we use the fitting function of Jenkins et
al. (2001), obtained by analyzing results from various large N-
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body simulations. This should provide a better estimate for the
high-mass end of the halo mass function than the usual Press–
Schechter ansatz (Press & Schechter 1974). Using the latter, a
smaller number of high-mass halos is predicted at fixed σ8, thus
requiring systematically higher values of σ8 in order for the lo-
cal cluster abundance to be reproduced. We estimate this shift
to be about eight percent for Ω0 ranging from 0.1 to 1. We cau-
tiously model the uncertainty in the normalization of the mass
function by means of a Gaussian distribution with a 10 percent
dispersion around the mean (see figure 8 of Jenkins et al. 2001).
The local cluster number density was obtained by integrat-
ing the REFLEX X-ray luminosity function in the [0.1,2.4] keV
band upwards from the mean luminosity of the 42 clusters in the
SDSS/RASS sample, which is (0.17± 0.03)× 1044 h−2 erg/s.
Their average redshift is 0.1, which roughly coincides with the
mean redshift of the REFLEX clusters with similar or higher lu-
minosity. For the 42 SDSS/RASS clusters, Sheldon et al. (2001)
obtained, via statistical weak lensing analysis, a mean projected
mass within the characteristic cluster radius r500 of (0.9±0.2)×
1014 M, where r500 is the radius within which the cluster mean
density falls to 500 times the critical density at the redshift of
observation (0.1 in this case). Following Sheldon et al. (2001)
we assume the cluster density profile to behave like that of a
singular isothermal sphere (SIS), i.e. ρ(r) ∝ r−2. We can now
calculate the mean cluster mass within the three-dimensional
radius r500, and then convert this to a mean virial mass. Taking
this mass as the lower limit in the integration of the Jenkins et
al. (2001) mass function will then yield the expected local clus-
ter number density for clusters more luminous than the mean of
the SDSS/RASS sample, as a function of σ8 and Ω0. By com-
parison with the REFLEX estimate, best-fit values for σ8 as a
function of Ω0 can then be obtained.
3. RESULTS
Table 1 shows the 95 per cent confidence interval on σ8 ob-
tained using the REFLEX X-ray luminosity function and the
relation between cluster mass and X-ray luminosity for the full
SDSS/RASS sample. This interval was determined via Monte
Carlo simulations, which incorporated all the uncertainties pre-
viously mentioned that affect the present estimation of σ8. We
find that the most probable value for σ8 can be accurately rep-
resented by the fitting function
σ8 = 0.38Ω−0.48+0.27Ω00 . (1)
This result is significantly lower than, and barely compatible
with, most determinations of σ8 based on the local cluster X-
ray temperature function (e.g. compare with Henry 1997, 2000;
Markevitch 1998; Viana & Liddle 1999; Blanchard et al. 2000;
Pierpaoli et al. 2001). However, Seljak (2001) found values
for σ8 closer to those obtained here, his analysis differing from
the others in that he normalized the relation between cluster
temperature and mass using actual X-ray data rather than re-
sults from hydrodynamical N-body simulations. Reiprich &
Böhringer (2001) also obtained estimates for σ8 similar to ours,
using an empirical cluster mass function derived from a large
sample of X-ray clusters, as did Van Waerbeke et al. (2001)
using cosmic shear data (though see Hökstra, Yee & Gladders
2001 and Maoli et al. 2001 for higher estimates of σ8 based on
this last method).
In order to test whether the low values obtained for σ8 could
be due to hidden systematic errors in the weak lensing method
used for cluster mass estimation, we repeated the calculation
TABLE 1
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of σ8 for the two SDSS/RASS sub-samples discussed within
Sheldon et al. (2001), namely
1. The 27 clusters with the lowest X-ray luminosities, on
average (0.09±0.02)×1044 h−2 erg/s. They have a mean
redshift of 0.09 and a mean projected mass within r500
of M500(1) = 0.7±0.2×1014M
2. The 15 clusters with the highest X-ray luminosities, on
average (0.51±0.04)×1044 h−2 erg/s. They have a mean
redshift of 0.17 and a mean projected mass within r500
of M500(2) = 2.7±0.2×1014M.
Given that most of the REFLEX clusters with similar luminosi-
ties to those in the SDSS/RASS sample have a redshift between
0.05 and 0.2 (Böhringer et al. 2001a), with the higher luminos-
ity clusters typically being at higher redshifts, we will assume
that the REFLEX luminosity function provides a good repre-
sentation of the underlying cluster luminosity function over this
redshift interval. This is supported by an analysis of the Bright-
est Cluster Survey (BCS), which showed that there is no strong
evidence for evolution in the cluster luminosity function out to
at least z = 0.2 (Ebeling et al. 1997).
Surprisingly, the most probable values for σ8 according to
each of these two sub-samples are rather different. Sub-sample 1
yields σ8 = 0.37Ω−0.52+0.32Ω00 , almost indistinguishable from the
result obtained from the full SDSS/RASS sample, while sub-
sample 2 gives σ8 = 0.50Ω−0.47+0.24Ω00 which is substantially
higher. This latter result is much more in line with σ8 estimates
based on the local cluster X-ray temperature function.
To determine whether these results indicate an inconsistency
in the weak lensing analysis of Sheldon et al. (2001), we per-
formed Monte Carlo simulations where we used the data from
sub-sample 1 to compute the inferred mean projected masses
within r500 for the clusters in sub-sample 2 and vice-versa, for
various values of Ω0. We included all the uncertainties previ-
ously mentioned in the simulations. We found that, provided
Ω0 > 0.3, sub-sample 1 implies a value for M500(2) at least as
large as that deduced by Sheldon et al. (2001) less than 5 per
cent of the time, while for less than 10 per cent of the time does
sub-sample 2 imply a value for M500(1) as small as that deduced
by Sheldon et al. (2001). For values of Ω0 between 0.1 and
0.3, the discrepancy decreases with Ω0, but not significantly.
We therefore conclude that, within the context of the cosmo-
logical models we discuss, the mean projected masses for the
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two SDSS/RASS cluster sub-samples presented in Sheldon et
al. (2001) are only barely compatible within the uncertainties
associated with the estimation of σ8.
A possible reason for the Sheldon et al. (2001) analysis yield-
ing only marginally consistent values for the mean projected
masses of the two SDSS/RASS cluster sub-samples could be
the assumption that the cluster mass profile is that of a sin-
gular isothermal sphere (SIS). In part, this assumption arose
from the fact that within the radius for which they had weak
lensing data, the shear profile was close to that produced by
a projected SIS. Although observationally the issue is still un-
resolved (e.g. Irwin, Bregman & Evrard 1999; Irwin & Breg-
man 2000; White 2000; De Grandi & Molendi 2001; Komatsu
& Seljak 2001), it has become clear that N-body simulations
produce clusters which on average have outer mass profiles,
up to the cluster virial radius, that behave more like ρ(r) ∝
r−2.5 (Navarro, Frenk & White 1995, 1996, 1997; Thomas et
al. 1998, 2001; Tittley & Couchman 2001). Consequently, we
investigated what would be the effect on the virial mass to X-
ray luminosity relation of assuming an outer cluster mass pro-
file parametrized by ρ(r) ∝ r−β (a SIS has β = 2). We varied
β between 2 and 3, and, as before, we took the mean pro-
jected masses within r500 (defined in the SIS case) to be those
given by Sheldon et al. (2001). This translates to fixing the in-
ner projected cluster masses to be M500(1) within 0.39h−1 Mpc
for sub-sample 1, M500(2) within 0.57h−1 Mpc for sub-sample
2, and 0.9± 0.2× 1014 M within 0.41h−1 Mpc for the full
SDSS/RASS sample (Sheldon et al. 2001). As expected, we
find that as β increases, the cluster virial mass decreases, hence
lowering σ8. This change is greater for smaller Ω0. Conse-
quently, we find that the value for σ8 derived using the Sheldon
et al. (2001) and REFLEX data is barely affected by assum-
ing different outer mass profiles if Ω0 is close to one, whereas
for low values of Ω0 assuming a outer mass profile different
from the true one may introduce a significant systematic er-
ror in the calculation of σ8. For example, for β = 3 we obtain
σ8 = 0.38Ω−0.38+0.19Ω00 as the most probable value that results
from the weak lensing analysis for the full SDSS/RASS sam-
ple. However, it turns out that changing the outer cluster mass
density profile does not significantly mitigate the discrepancy
between the values obtained for σ8 using the two SDSS/RASS
sub-samples, even for low values of Ω0.
If the discrepancy between the σ8 results obtained for the two
sub-samples comes from the data given in Sheldon et al. (2001),
then there are four possibilities. The discrepancy could be al-
leviated if the projected mass of the high-luminosity sample is
overestimated, or that of the low-luminosity sample underesti-
mated. Alternatively, the mean X-ray luminosity of the high-
luminosity sample might have been underestimated, or that of
the low-luminosity sample overestimated. Of the two possibili-
ties concerning luminosity, overestimation in the low-luminosity
sample seems more likely, as this could be caused for example
by AGN contamination.
Reiprich & Böhringer (2001) used ROSAT and ASCA X-ray
data on 106 clusters to investigate the relation between X-ray
luminosity in the [0.1,2.4] keV band and cluster mass in the
form of M500, with the cluster masses estimated assuming hy-
drostatic equilibrium (Finoguenov, Reiprich & Böhringer 2001;
Reiprich & Böhringer 2001). They found LX = 10−18.59±1.23×
M1.575±0.084500 where LX is in units of 1040 erg/s and M500 in units
of M (assuming h = 0.5). Substituting the mean luminosi-
ties for the SDSS/RASS full sample and two sub-samples into
this relation, one finds that the Sheldon et al. (2001) estimates
for M500 are well within the (extremely wide) range of possi-
ble values. A further test combines the Sheldon et al. (2001)
results with the shape of the cluster mass function, assumed
to be well described by that of Jenkins et al. (2001), and the
data on the cluster luminosity function from the REFLEX sur-
vey (Böhringer et al. 2001a,b). Taken together, this information
allows an estimation of the relation between LX and M500. As-
suming it to be a power-law, we found that the normalization
is essentially defined by the Sheldon et al. (2001) data, as ex-
pected, while the exponent is mainly governed by the relative
shape of the mass and luminosity (cumulative) functions. Tak-
ing into account all the uncertainties involved in the normal-
ization of the Jenkins et al. (2001) mass function by means of
the Sheldon et al. (2001) data for the full SDSS/RASS sample,
and those associated with the REFLEX luminosity function, we
obtained through Monte Carlo simulations a 95 per cent confi-
dence interval of [1.6,3.7] for the exponent of the LX − M500
relation. The allowed interval does not change significantly if
the data for any of the two SDSS/RASS sub-samples is used
instead to normalize the mass function. The low-luminosity
sample yields [1.8,3.2], while from the high-luminosity sample
we get [1.5,3.1]. In any case, surprisingly, the preferred value
is close to 2.2, substantially higher than the 1.575± 0.084 at
1σ found by Reiprich & Böhringer (2001). This analysis was
performed for a flat universe with Ω0 = 0.3, though very similar
results were found when Ω0 = 1 was assumed. In order to con-
firm that the exponent of the LX − M500 relation is only weakly
determined by the normalization of the mass function, and thus
by the Sheldon et al. (2001) data, we varied σ8 between 0.5 and
1.2 (for Ω0 = 0.3) and found that the preferred value for the ex-
ponent changes from 2.4 to 1.7. Therefore, assuming the Jenk-
ins et al. (2001) mass function provides an accurate descrip-
tion of the cluster mass function, the discrepancy just found on
the exponent of the LX − M500 relation means that such a rela-
tion as obtained in Reiprich & Böhringer (2001) is at best only
marginally consistent with the Sheldon et al. (2001) data taken
together with the REFLEX luminosity function. And only if σ8
is at the higher end of recent estimates (see e.g. Viana & Liddle
1999) can the Reiprich & Böhringer (2001) relation between
LX and M500 be made consistent with the REFLEX luminosity
function, within the context of the cosmological models dis-
cussed in this paper.
4. CONCLUSIONS
In this paper we have described a new technique for con-
straining the normalization of the matter power spectrum, in
the form of σ8, using weak lensing data to connect cluster X-
ray luminosity to mass. The preliminary application of this
technique that we have made, using the REFLEX X-ray lumi-
nosity function and the small sample of lensing clusters from
SDSS commissioning data, yields σ8 values that are signifi-
cantly lower than previous measurements in the literature us-
ing other methods. Our results agree better with the recent es-
timates of σ8 by Reiprich & Böhringer (2001), Seljak (2001)
and Van Waerbeke et al. (2001). However, systematic biases
may affect our analysis given that barely consistent results are
obtained when using subsets of the weak lensing data. We in-
vestigate such biases, which may be due to the small sample
of clusters used, or an artifact of the techniques used in Shel-
don et al. (2001) for co-adding clusters (none of which has an
individually-measurable lensing shear) to produce an ensemble
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measurement of the weak lensing signal for clusters in different
X–ray luminosity bins. In the process, we have found that the
comparison between the REFLEX luminosity function and the
Jenkins et al. (2001) mass function implies that the relation be-
tween X-ray luminosity and cluster mass may be significantly
steeper than previously thought.
The SDSS/RASS data set we have used will be dwarfed by
the final SDSS/RASS catalogue (see Nichol et al. 2001), and
surveys using the XMM-Newton satellite should supply much
greater information on cluster luminosities (e.g. Romer et al.
2001). The prospect of considerably improving the constraint
on σ8 using this technique in the future is therefore great.
We thank Bob Mann and Kathy Romer for useful discus-
sions. We are very grateful to Erin Sheldon for providing us
with the mean X-ray luminosities of the SDSS/RASS samples
in the ROSAT [0.1,2.4] keV band, and Hans Böhringer for com-
ments on a draft version of this paper.
REFERENCES
[Blanchard et al. 2000]Blanchard A., Sadat R., Bartlett J. G., Le Dour M., 2000,
A&A, 362, 809
[Böhringer et al. 2001a]Böhringer H. et al., 2001, A&A, 369, 826
[Böhringer et al. 2001b]Böhringer H. et al., 2001, astro-ph/0106243
[De Grandi & Molendi 2001]De Grandi S., Molendi S., 2001, astro-ph/0110469
[Dodelson et al. 2001]Dodelson S. et al., 2001, astro-ph/0107421
[Durrer & Novosyadlyj 2001]Durrer R., Novosyadlyj B., 2001, MNRAS, 324,
560
[Ebeling et al. 1997]Ebeling H., et al., 1997, ApJ, 479, 621
[Eke et al. 1996]Eke V. R., Cole S., Frenk C. S., 1996, MNRAS, 282, 263
[1]Finoguenov A., Reiprich T. H., Böhringer H., 2001, A&A, 368, 749
[Henry 1997]Henry J. P., 1997, ApJ, 489, L1
[Henry 2000]Henry J. P., 2000, ApJ, 534, 565
[2]Hökstra H., Yee H. K. C., Gladders M.D., to appear, proceedings of “Where’s
the matter?”, 2001, Marseille, France, astro-ph/0109514
[Irwin & Bregman 2000]Irwin J. A., Bregman J. N., 2000, ApJ, 538, 543
[3]Irwin J. A., Bregman J. N., Evrard A. E., 1999, ApJ, 524, 220
[Jenkins et al. 2001]Jenkins A., Frenk C. S., White S. D. M., Colberg J. M., Cole
S., Evrard A. E., Couchman H. M. P., Yoshida N., 2001, MNRAS, 321, 372
[Komatsu & Seljak 2001]Komatsu E., Seljak U., 2001, MNRAS, 327, 1353
[Maoli et al. 2001]Maoli R., Van Waerbeke L., Mellier Y., Schneider P., Jain B.,
Bernardeau F., Erben T., Fort B., 2001, A&A, 368, 766
[Markevitch 1998]Markevitch M., 1998, ApJ, 504, 27
[4]Navarro J. F., Frenk C. S., White S. D. M., 1995, MNRAS, 275, 720
[5]Navarro J. F., Frenk C. S., White S. D. M., 1996, ApJ, 462, 563
[6]Navarro J. F., Frenk C. S., White S. D. M., 1997, ApJ, 490, 493
[Nichol et al. 2001]Nichol R. C., 2001, to appear, proceedings of “Mining the
Sky”, 2000, Garching, Germany, astro-ph/0011557
[Percival et al. 2001]Percival W. J. et al., 2001, MNRAS, 327, 1297
[Pierpaoli et al. 2001]Pierpaoli E., Scott D., White M., 2001, MNRAS, 325, 77
[Press & Schechter 1974]Press W. H., Schechter P., 1974, ApJ, 187, 452
[Reiprich & Böhringer 2000]Reiprich T. H., Böhringer H., 2001, submitted to
A&A, astro-ph/0111285
[Romer et al. 2001]Romer A. K., Viana P. T. P., Liddle A. R., Mann R. G., 2001,
ApJ, 547, 594
[Seljak 2001]Seljak U., 2001, submitted to MNRAS, astro-ph/0111362
[Sheldon et al. 2001]Sheldon E. S. et al., 2001, ApJ, 554, 881
[Szalay et al. 2001]Szalay A. S. et al., 2001, astro-ph/0107419
[Thomas et al. 1998]Thomas P. A. et al., 1998, MNRAS, 296, 1061
[Thomas et al. 2001]Thomas P. A. et al., 2001, MNRAS, 324, 450
[Tittley & Couchman 2001]Tittley E. R., Couchman H. M. P., 2001, astro-
ph/9911365
[Van Waerbeke et al. 2001]Van Waerbeke L. et al., 2001, A&A, 374, 757
[Viana & Liddle 1996]Viana P. T. P., Liddle A. R., 1996, MNRAS, 281, 323
[Viana & Liddle 1999]Viana P. T. P., Liddle A. R., 1999, MNRAS, 303, 535
[7]Wang X., Tegmark M., Zaldarriaga M., 2001, astro-ph/0105091
[White 2000]White D. A., 2000, MNRAS, 312, 663
